ABSTRACT: The gate control system has some features such as multiple input parameters, nonlinearity, hysteresis, time change etc., therefore it can't achieve good results by using traditional PID. In consideration of these characteristics, based on self-adaptive fuzzy PID control, we improved it and created a new time-independent, deterministic fuzzy PID. Then by auto-fusion of multiple input parameters, we have established a multi-input parameters fusion, time-independent and self-adaptive fuzzy PID controller and used it to control the reservoir gate and water level automatically under heavy rainfall. Simulations and experiments have shown that this method can offer faster response, smaller overshoot and better static and dynamic performance.
INTRODUCTION
The objective of automatic control of reservoir gate is to accomplish the automatic control of reservoir water level under the circumstance of heavy rain. By controlling water level automatically, the safety of reservoir dam and the effective utilization of rainfall and flood resources could be realized. Under the circumstance of heavy rain, the changing process of reservoir water level could be affected by these parameters, such as basin rainfall, gate opening, maximum limit of water level, curve of reservoir capacity and maximum flood discharge of downstream, etc., and the relation between them are very complex. Considering the features such as higher order, long time-delay and nonlinear, the control of reservoir water level is atypical pure time-delay and capacity-delay control system, so a precise mathematical model is hard to obtained. For this kind of system, if we use common PID controller, overshoot and oscillation is too strong, and the time to reach steady state is too long, so we can't obtain the expected result, and even the system can be out of control sometimes. The reason is that the importance of each control parameter is different in different phases of response, which is very hard to tune these PID parameters. With the development of computer science, fuzzy control gets more attention and improved quickly. Compared to the traditional PID control, fuzzy control is rather fit for the control system which is hard to establish a precise mathematical model and has features of nonlinear, longtime-delay process. But fuzzy control also has disadvantages such as low quality and low precision etc.. So in many circumstances, we can combine fuzzy control with PID control to get a self-adaptive fuzzy PID controller which can automatically tune the three parameters of PID controller online. In such way, we can get faster dynamic response, smaller overshoot and higher steady state precision compared with the traditional PID controller.
But the control process of general self-adaptive fuzzy PID has factors related to time and they affect The Gate Automatic Control Based on Multi-input Parameters, Time-independent and Self-adaptive Fuzzy PID system performance seriously. In this paper, we built a time-independent and deterministic fuzzy PID controller by improving the self-adaptive fuzzy PID. With auto-fusing of multiple input parameters, multi-input parameters, time-independent and self-adaptive fuzzy PID is constructed and used for gate opening automatic control and the performance of reservoir water level control is improved obviously.
THE STRUCTURE AND OPERITIONAL
PRINCIPLE OF THE GATE AUTOMATIC CONTROL SYSTEM
The system structure
The system structure of gate automatic control is shown in Figure 1 . The control system mainly consists of PLC, inverter, touch screen, contactor, gate opening sensor, water level sensor and rainfall sensor etc., and the PLC is the system core control unit. Under the circumstance of heavy rain, at first PLC could calculate a dimensionless parameter C which we called water volume by data fusion algorithm based on the feedback measurement signal offered by gate opening sensor, water level sensor and rainfall sensor. And we compared C with practical acceptable value Cset which is calculated and approved with experiments, simulation and expert's experiences, and then we obtained water volume error e and error rate ec. And with PID computing by PLC, the analog -10V-+10V output signal could control the speed and direction of inverter, automatic control of gate opening and water level could be achieved. At last the objective of maximized utilization of rainfall flood resources is realized. When gate opening has reached maximum or zero, we could switch the contactor to shut down the power supply of gate motor. 
The tuning principle of digital PID controller
There are two types of calculating equation which are position-type and increment-type for digital PID controller. Position-type is the basic, and the function is shown in Equation (1):
In this Equation, e(n) is system error, ec(n) is system error rate, Kp is proportionality coefficient, Ki is integration coefficient, and Kd is differential coefficient. Kp affects the response rate and precision of system. The speed and precision will be higher when Kp is larger.
If Kp is too large, the system will be overshoot and unstable. When Ki is larger, the elimination of system static error will be faster. But if Ki is too large, the integral saturation will happen in the early stage of response process, and this situation could lead to larger overshoot of response. Kd affects dynamic characteristic of system, it could restrain the changing of response error. But if Kd is too larger, the restraining will be brought forward and the tuning time will be extended.
From the tuning principle of digital PID controller we could know, in the response initial stage of function u(n), we should set larger Kp, smaller Ki and Kd. This setting could increase the slope of response curve. When u(n) is reaching output value, we could increase Kd rapidly and decrease Kp gradually, make the system generate a large restrain to stop overshoot and reduce error rate. When u(n) has reached output value, Ki should be increased to eliminated system static error. Based on the differences of e(n) and eC(n), the proper tuning of Kp, Ki and Kd could increase response rate and precision, decrease overshoot and reduce response time to enhance the working stability.
Due to that the second term of Equation (1) is integral term, in order to calculate it, all errors should be preserved, thus the computer storage would be depleted if using this PID controller for a long time. So in our system, when we need PID calculating, increment-type PID Equation which is shown in Equation (2) is used.
In this Equation, Kp, Ki and Kd are the same parameters shown in Equation (1), e(n), e(n-1) and e(n-2) is the error in the nth, (n-1)th and (n-2)th. Δu(n) is the increment between the nth control output and the (n-1)th control output. So the control Equation of the nth output is:
We didn't need to accumulation during the calculation with utilization of increment PID, and the increment is only related to the lately sampling values. This method could offer faster calculation and be realized easily. In practical application, a better control result is achieved, so the method is widely used.
The structure of self-adaptive fuzzy PID
According to the structure of fuzzy PID controller, it could be classified into two types. The first type composes of the PID controller which has variable parameters and a fuzzy inference engine. The engine takes charge of online setting of three PID parameters, and the control signal is generated by PID controller. This type also is called "PID parameters self-adaptive fuzzy PID controller". The other type is instantly structured by fuzzy control rules and realizes PID control function. With adjusting for quantification factor, proportionality coefficient and control rules of fuzzy controller, the three PID parameters could be set online as well.
According to the number of input parameters of fuzzy PID controller, it could be classified into one dimensional, two dimensional, and three dimensional fuzzy controllers. One dimensional fuzzy PID controller is the simplest type, generally the error e between controlled variable and set variable is used as input variable, and the control rule is: if e is Ai; then U is Bi. Two dimensional type uses error e and error rate ec as input variable, and the control rule is: if e is Ai and ec is Bi; then U is Ci. Three dimensional type uses error e, error rate ec, and the rate of error rate ec as input, sometimes error e, error rate ec, and the integral of error e is used for input too.
In the system, we used two-dimensional fuzzy PID controller which belongs to the first type. So the inputs of fuzzy inference are error e and error rate ec, and the outputs are the three parameters Kp, Ki and Kd which are the input parameters of traditional PID controller and they could be set online with fuzzy control rules. Then we structured self-adaptive fuzzy PID to meet the PID setting requirement of e and ec in different moments. The controlled object could achieve good dynamic and static performance. The structure and principle is shown in Figure 2 . 
THE PROCESS AND ALGORITHM OF MUL-TIPLE INPUT PARAMETERS FUSION

The thinking of multiple input parameters fusion
Under heavy rain conditions, gate opening mainly depends on parameters such as reservoir water level, rainfall and the flood discharge bearing of downstream. The reservoir water level is instantaneous value measured by sensor and it responds rapidly but changes slowly. On the other hand, the change of rainfall needs a longer time to influence the reservoir water level and gate opening. Gate opening controls flood discharge, and flood discharge could be calculated by gate opening or measured by sensors. The practical application has proved that the result obtained by the second method is very different to the real data, so here we used the first method to confirm flood discharge. The flood discharge bearing of downstream is mainly used for limiting the maximum gate opening and the maximum flood discharge. From the above analysis we could know, there are the three factors which are reservoir water level, rainfall and flood discharge that could influence the reservoir gate opening value. And if we integrated the three factors, we could get a more stable, timely and accurate factor C that control the gate opening. We defined C as water volume, it is a dimensionless number, the range is [0, 60]. The basic idea of parameters fusion is: First, convert the reservoir water level data, rainfall data and flood discharge date into C1, C2and C3. Then, integrate C1, C2 and C3, get a dimensionless parameter VC which we named it water quantity. Finally, we could use C as the input parameter of fuzzy PID controller and use it to control the gate opening. Fusion equation is as Equation (4) and F is the fusion rule.
Experiments proved that the relationship between C1 and reservoir water level is related to reservoir water level capacity function. It is direct proportional to the function. The proportionality coefficient and initial value could be obtained by experiments. One thing should be pay attention to is that if there are multiple rainfall sensors, we should consider the position and environment of each sensor to evaluate the effect for incoming water data from each rainfall data, and obtained the data with certain mathematical model such as weighted average processing. Then the data is converted to C2. C3 is inverse proportional to flood discharge data, the proportionality coefficient and initial value could be obtained by experiments too.
The algorithm of multiple input parameters fusion
The fusion algorithm uses self-adaptive weighted algorithm. Its basic theory is: under the smallest mean square deviation, according to the measured values of sensors, calculate the optimal weighted factor ωi corresponding with every sensor by self-adaptive algorithm, so the optimal weighted factor depends on the variance of each sensor. Thus the weighted factor can be adjusted dynamically and make the parameter C optimally all the time.
In the process of water volume fusion, VC1 is reservoir water level data, VC2 is rainfall data, and VC3 is flood discharge date. ω1, ω2 ω3 is the corresponding weighted factor of VC1, VC2, sand VC3. Here we know: 
σ 2 is total variance of VC. And due to that VC1, VC2, VC3 is independent of each other, also all of VCi are unbiased estimation of VC, So:
If the output of the sensor is k and the cross covariance function between sensor p and q is Rpq(k), 
Similarly, the auto-covariance function of sensor p Rpp(K) is:
So, we got the variance of p, it is:
From Equation (9), we could know that in order to get the minimum value of Equation (9) under the condition of Equation (6), the optimal weighted factor is:
After fusion, the optimal estimation of VC is:
4 THE DESIGN OF SELF-ADAPTIVE FUZZY PID CONTROLLER
Fuzzification and membership
A complete fuzzy PID controller mainly composes of fuzzification of input variables, establishment of fuzzy control rules and fuzzy decision. In this system we used the fuzzy inference engine which includes 2 inputs and 3 output. The inputs are water quantity error e and error rate eC, and the outputs are PID parameters Kp, Ki and Kd. The error e and error rate eC of water quantity VC are all precise data. In order to apply fuzzy technology, we need to define e and ec as language variables which are in the universe of x∈X and y∈Y. Each language variable could be set one In fuzzy control, the membership (μ) is a quantity reflecting how variables are close to a certain level. It is the base that uses fuzzy principle to solve practical issues and is a set of numbers between [0, 1]. The more the membership closes to the 1, the higher the variable belongs to the level. In practical application, membership is often described as membership function. The function is a quantitative description that reflects how fuzzy variables or elements in a certain universe are close to a certain level, so different people could build different membership functions for the same fuzzy conception. There haven't been mature and effective methods for the building of membership function yet, and most of them are still based on experience and experiment. So generally we could build it preliminarily based on subjective experience, analysis, inference, inquiry and statistics, then improve it with practical testing and simulation, and put it into control system gradually.
There are some common membership functions such as z-type, triangle-type, bell-type, ∏-type, Gauss-type etc.. Based on simulation and experiments, this system could achieve a better result with Gauss-type. The function is:
In this equation: x is input, x0 is reference value of input and δis standard deviation of the data.
Magnitude of parameter δ could affect the shape of membership function curve directly. The shape will influence system stability and rapidity, and result in different control characteristics. In fixed-interval, if membership function has a centralized distribution (the curve is sharp), then the sensitivity of controller for input could be increased. In this condition, system could achieve better rapidity and sensitivity, but weaker stability. And if the curve is smooth, even the top of the curve is flat, under this condition the sensitivity is decreased, the control characteristic is gentle and system stability is improved, but rapidity is degraded. So when we were choosing membership function, low-resolution word set should be used in large error area, and in small error area, we used high-resolution word set. When error is closing to zero, higher-resolution word set is used. The membership function prototype in this system is Gaussian distribution function, and could reflect the practical situation nicely, which means offer a better precision for the system. Though it would spend more time on calculating, reduce fast responsiveness and instantaneity, these features aren't the key factors for the system. Based on the above theories, we could make membership grade of fuzzy input E, EC and output Kp, Ki, Kd. They are shown in Table 1 and 2. Table 1 . Membership grade of fuzzy input E, E C. 
The establishment of fuzzy control rule
Based on the characteristics of water level and gate control, and the impact of Kp, Ki and Kd to the system, we summarized fuzzy control rules of Kp, Ki, Kd for fuzzy quantization value E and EC of different error e(n) and error rate eC(n). When the system is starting, e(n) is maximum and eC(0) is zero. In order to increase response rate, we should set a large Kp and small Kd. And to avoid integral overflow caused by instantly increasing of e(n), Ki should be set to 0. The language rule is:if e(n) is PB and eC(n) is ZO then Kp is PB, Ki is ZO and Kd is PS.
In the middle stage of response process, when e(n) is moderate, and eC(n) is a little larger than before, we should set Ki larger than before and increase Kd properly to eliminate static error as soon as possible. In order to reduce overshoot, Kp should be decrease properly too. The language rule is: if e(n) is PM and eC(n) is NB then Kp is PM, Ki is PB and Kd is PM.
When response process is reaching target value, as well as e(n) is small and eC(n) is large, in order to reduce overshoot and keep the system stable, we should set Kp small, Ki and Kd large. The language rule is:if e(n) is ZO and eC(n) is NB then Kp is PS, Ki is PB and Kd is PB.
Based on the above rules, we could list a more detailed rule for each status of E and EC. So there are 49 fuzzy control rules for each. At last, the table of fuzzy control rule for Kp, Ki and Kd are shown in Table 3 -5. Table 4 . Fuzzy control rule of K i.
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The realization of fuzzy decision and fuzzy control
In the system working process, we blur e(n) and eC(n) of the corresponding data for the certain moment. And the fuzzy subset E(n)={e(n)Ke} and EC(n)={ eC(n) Kec }, ke and kec are quantification factors. The fuzzy relationship matrix R for each corresponding output could be calculated with fuzzy control rules. 
We could obtain the final output control values Kp(n), Ki(n) and Kd(n) by multiplying the values from equation 18with proper scaling factors. Then we input Kp(n), Ki(n) and Kd(n) to PID controller and realize the gate control. The calculation procedure by using the above mentioned method is rather complicated. So, in the situation that requires fast response, the implementation procedure could be fulfilled by look-up table method. The basic idea is through offline calculation, based on the relationship between the quantized values of error, error rate and control output, we could get the look-up table of fuzzy control and save them into PLC. When the fuzzy controller is operational, the PLC can find out the corresponding quantized values of control output with the look-up table based on the quantized values of error and error rate. Then the quantized values of control output can be multiplied with proper scaled factor and the final output control values are obtained.
SYSTEM SIMULTATION
The multi-input parameters, time-independent and self-adaptive fuzzy PID controller could be simulated by Matlab/Simulink. The simulation structure diagram is shown in Figure 3 , and the water level simulation result is shown in Figure 4 . The traditional PID controller simulation result is also shown in Figure 4 . Based on the simulation result we could summarize that compared to the traditional PID controller which only use the single input parameter of reservoir water level, by using the multi-input parameters fusion, time-independent and self-adaptive fuzzy PID controller mentioned in this paper to control the gate opening and reservoir water level could offer a faster response speed and smaller overshoot, and get a better control result.
CONCLUSION
In the automatic control system of reservoir gate and water level, at first we used self-adaptive weighted average algorithm to fuse the multiple parameters that affect gate opening, and obtained a dimensionless water volume parameter, then we used the parameter as the input of time-independent and self-adaptive fuzzy PID controller, at last we used fuzzy control method to adjust PID parameters Kp, Ki and Kd based on different error e(n) and error rate eC(n), and the control process is nicely finished. The simulation result proved that the system could offer the optimal decision under the condition of heavy rain. The safety of reservoir is guaranteed, and the rainfall resource can be intercepted and utilized furthest. Also the system has the advantages such as small overshoot, fast response speed, strong robustness and preferable static/dynamic performance. So it has the higher value of promotion and application.
